Molecular dynamics (MD) simulations play an increasingly important role in many aspects of biochemical research but are often not part of the biochemistry curricula at the undergraduate level. This article discusses the pedagogical value of exposing students to MD simulations and provides information to help instructors consider what software and hardware resources are necessary to successfully introduce these simulations into their courses. In addition, a brief review of the MD based activities in this issue and other sources are provided.
Several years ago, I developed a course on the modeling of biochemical systems at
Wellesley College, which was described in more detail in a previous issue of this journal [1] . As I set out to design that course, I decided to place a particular emphasis on molecular dynamics (MD) simulations. In full candor, this decision was likely related to my experience integrating these simulations into my own research, but I also believe it was due to some inherent advantages of exposing students to this particular computational approach. Notably, even as this initial biochemical molecular modeling course evolved into a more general (i.e. not solely biochemical) course in computational chemistry, a significant emphasis on MD has remained, emphasizing the central role I and my other colleague who teaches the current course felt it played in students' education. To a differing extent, MD simulations have played a notable role in courses in computational chemistry, biochemistry and pharmaceutical chemistry described by others in the literature [2] [3] [4] .
In this article, I will reflect on our rationale for placing this significant focus on MD in our computational (bio)chemistry courses, along with the particular importance of this method for biochemistry students. Despite these compelling reasons, there are nonetheless challenges to successfully incorporating MD simulations into courses stemming from the necessary computer resources and the potential learning curve for students. Each of the subsequent articles in this special section of the journal addresses these challenges in a different manner. Here, I hope to outline other resources that may be helpful to other instructors hoping to integrate MD into their own courses.
Why integrate molecular dynamics simulations into biochemistry?
MD simulations-like many other computational methods-were traditionally seen as the purview of physical chemistry, and some may wonder whether how relevant the method is for inclusion into the biochemistry curriculum. In fact, many published examples of classroom or laboratory activities involving MD simulations have been explicitly developed for physical chemistry courses [5] [6] [7] . While the deeper understanding of the mathematical modeling of chemical systems developed in physical chemistry courses can be helpful to students in understanding MD, it isn't necessarily essential for developing a solid conceptual appreciation for the method. This is particularly true since MD largely utilizes ideas from classical mechanics (e.g. Newton's Law) to predict the motion of atoms and molecules over time. Practically, the Wellesley course in computational chemistry and the course utilizing the activity described in this issue by Spitznagle et al. do not have a physical chemistry prerequisite, and others have noted the ability to adjust their activities to other courses [5] .
One reason I believe it is important to expose biochemistry students to MD methods stems from the increasingly prevalent role these simulations play in contemporary biochemical research. For several years after the first MD simulation of a protein was published in 1977 [8] , MD simulations were the domain of relatively few specialists working with relatively rare computer resources. However, the application of MD simulations to an increasingly wide range of biological systems has exploded in the literature over the past fifteen years, as seen by the number of papers that explicitly refer to these simulations in either their title or abstract ( Thus, it is clear that contemporary biochemists will need to have some familiarity with MD in order to appreciate the increasing number of research studies that incorporate these simulations. However, MD simulations also can play an important pedagogical role in helping students to appreciate the dynamic nature of biomolecules. Many writers have discussed the value of effective molecular visualization tools in biochemistry courses [9] [10] [11] , and many modern biochemistry courses give students experience in viewing the structures of proteins, nucleic acids and other macromolecules using common molecular visualization software, such as Pymol [12] , VMD [13] , Rasmol [14] or Swiss PDB Viewer [15] . However, these visualization tools only provide a static view of molecular structure, such as a conformation of a protein captured in a crystal structure, and students can find it difficult to think about the amount of structural flexibility that occurs within these "stable" structures. One way to integrate this idea of molecular motion is through animations. While these animations can be valuable tools, some believe that students have the potential to learn more from a representation they are actively involved in creating instead of being passive viewers [16] .
MD simulations provide a means through which students can be involved in directly creating the animations showing molecular motion. Although still outside common use, interactive MD simulations in which users directly "interact" with the forces and motions in a biological molecule through a virtual reality system are particularly intriguing for this purpose [17] . However, even more "conventional" MD approaches, such as those described in this issue and other published classroom activities, nonetheless allow students to participate directly in producing molecular "movies" portraying biomolecular dynamics. While these simulations have the potential for exposing students to overwhelming detail-for example, students can potentially "see" every water molecule in an image-there is some evidence that exposure to more complicated and sophisticated visualizations can enhance student learning [10, 11] . Another potential concern with molecular visualizations is that students may lack the appropriate background or visual language to appreciate or interpret some images in the ways desired by their instructors [16] , and MD has the potential to help students think more closely about these representations. In fact, a few recent reports have provided evidence for the value of MD in different classroom settings. Burkholder et al. have described their use of MD simulations to help highlight the importance of intermolecular interactions in an introductory chemistry course [18] . More recently, Albrecht described how MD simulations were effective in helping students evaluate the feasibility of two Wittig reactions mechanisms, leading to an increase in student perceptions related to visualization in addition to other learning gains [5] .
What computational resources are necessary to effectively teach molecular dynamics?
Software to perform and visualize MD simulations
Even an instructor who is convinced of the value of integrating MD simulations into the curriculum may have understandable concerns about being able to obtain the necessary computational resources to effectively expose students to these simulations. Thankfully, the expense of software and hardware has decreased over the years. In fact, it is frequently possible to use software that students can freely download for their own use after the completion of a course (Table 1) . Many major MD software packages commonly used for research applications, such as Gromacs [19] , NAMD [20] and Desmond [21] are freely available. While not free, two other commonly used software packages, Amber [22] and CHARMM [23] , have relatively inexpensive academic licenses (e.g. ≈$500-600), although that could serve as an impediment to a students downloading software for their own computers for future use. While individual researchers have their personal preferences between these software packages, all generally incorporate similar methods, particularly in terms of the types of MD simulations one is likely to integrate into an undergraduate course setting. Another freely available package for MD simulations is Abalone [24] . While Abalone has fewer features and is therefore used less frequently for research applications, its relatively userfriendly interface could be amenable to some educational purposes, as discussed below.
MD simulations effectively produce a series of structures that represent the conformations of the simulated system over time, and these structures are saved into a trajectory file. Likely any course using MD simulations would wish to have students view these trajectory files as molecular movies. The most commonly used software packages used to visualize these trajectories are also freely available, at least for educational use (Table 1) . VMD is often used for this purpose as it has the ability to read in the trajectory files created during simulations in the formats produced by many different software packages [13] . Pymol [12] is also commonly used by researchers and has a somewhat more limited version freely available for educational use. While Pymol produces excellent images, and we use it extensively in our biochemistry courses at Wellesley to visualize PDB files, it is typically less straightforward to use for viewing trajectories. One can also use other freely available software, such as Swiss PDB Viewer [15] and Rasmol [14] to view individual conformations from a simulation, although these packages lack the ability to show trajectories as movies.
Simplified user interfaces for MD software While instructors may be able to freely obtain MD software, most of the packages listed above lack a native graphical user interface (GUI). Instead, these programs typically work by a combination of text file scripts and programs run from the Unix/Linux command line. Thus, learning how to use the software can present a significant learning curve to students (and instructors). While students usually are technologically savvy in many aspects, in our experience relatively few chemistry and biochemistry students have significant experience working on computers outside a modern Windows/Mac based environment. In our upper-level computational biochemistry and chemistry courses at Wellesley, we have decided that there is a value to having students learn the native interface of a software package. While this decision makes sense in the context of a full course on computational chemistry, it may not be feasible from the perspective of implementing a smaller-scale MD-based activity into a broader biochemistry course.
One way to overcome this is to use a program with an easier to use native interface, such as Abalone, which is used in the activities described by Rodrigues et al. in this issue.
While Abalone lacks some of the capacities of other software packages, it can work well for some applications. Many commercially available software packages also include more user-friendly interfaces, although those can have more significant licensing fees.
Over the past few years, researchers have increasingly developed more user-friendly interfaces that can be used with other free or inexpensive MD packages discussed above.
For example, VMD can be used as a GUI to set up and analyze MD simulations in NAMD. Having this interface significantly decreases the learning curve for learning NAMD, as demonstrated in the integration of MD simulations into a single lab period of a biochemistry course described by Chiang et al [25] . A recent report has also described the creation of a freely available plugin that allows Pymol to be used as GUI to setup simulations in Gromacs [26] . Miller et al. have also described the creation of the CHARMMing portal, which provides a web-based front end for setting up and analyzing simulations in CHARMM [27, 28] . Notably, they have also developed a number of activities as part of CHARMMing that could useful to students and integrated into courses. Another potentially useful resource is CHARMM-GUI, which provides an interactive web-based interface that can produce input files for CHARMM, GROMACS, NAMD and AMBER [29] . While these resources can be very useful for developing course activities and for some research applications, these interfaces typically lack the ability to access the full capacities of MD software packages.
Hardware resources
Integrating MD simulations into a course also requires sufficient computer resources to run simulations. Modern desktop computers now have sufficient processing power to perform most simulations that would be relevant for courses. For example, in some semesters all the MD simulations in our computational modeling courses were performed on a multi-processor Macintosh workstation [1] . While students can potentially perform some simulations on their own laptop computers, we have typically found it easier to install and maintain the appropriate MD packages on departmentally managed computers.
However, students do routinely log on to these centralized computer resources through their own laptops. Students frequently visualize structures and trajectories on their own machines using freely available software packages described above.
In cases where institutional computer resources are not sufficient for the desired MD activities, instructors can also considering procuring computational resources from another source. An excellent option for this is through XSEDE (Extreme Science and Engineering Discovery Environment), which has a specific allocation process for instructors wishing to use supercomputer resources in classes. One can learn more about these educational allocations at: portal.xsede.org/allocations-overview#writingstartupeducation. These allocations can provide significant amounts of computer time and could be particularly helpful in teaching somewhat larger numbers of students.
Analogous resources are available in other countries, such as SURFSara in the Netherlands, which was utilized in the activities described by Rodrigues et al. in this issue. Some commercial cloud computing options, such as Amazon EC2, may also be financially feasible for course-based simulations, particularly if simulations could be done within the free trial timeframe. Students could also run short simulations through MDWeb, where one can perform short MD simulations (e.g. <400 ps) through a web account [30] . Although these simulations are very short, they still could be used to give students an initial idea of the extent of molecular motions that occur on a relatively short timescale.
Resources for developing MD activities in this issue
In developing computational modeling courses at Wellesley, I was struck by the relative absence of computer lab activities in the educational literature performing MD or other methods to consider the dynamic behavior of biomolecular motions. The websites for most MD packages typically link to tutorials; some of these are quite good and can provide a starting point for developing a class activity. However, there is a value in having access to activities that have been successfully implemented in an actual class environment. Thus, a goal of this special section was to collect together a series of activities that could be adapted by instructors hoping to integrate MD simulations and other related methods into their own classes. The four articles included target different audiences and skills, highlighting how simulations could be useful at different levels of the curriculum. Links to resources, such as course handouts, are provided with each contribution.
In the first article, Lundquist et al. describe the development of VMDlite, a simplified version of VMD created to introduce high school students to the visualization of biological molecules. These visualization activities include giving students the opportunity to view trajectories from MD simulations in order to provide insight into molecular motions. Considering these structures during high school will help students better understand molecular principles in addition to teaching them an important software skill they can ultimately apply during subsequent college courses. Activities in VMDlite may also be relevant to some introductory-level college students. It has been a pleasure working with these authors on this section, and reading their contributions have given me new ideas and inspiration for thinking about the incorporation of MD simulations and other computational methods into my courses. I hope that others find their work as a useful springboard for enhancing the role of computer modeling in the curriculum at their own institutions. licenses for research use may be more expensive in some cases. List of software packages is not intended to be exhaustive, as other resources are available for these purposes. 1 While all these packages are free for educational use at academic institutions, licenses for research use may not be free in some cases. List of software packages is not intended to be exhaustive, as other resources are available for these purposes. 
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